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Semiconductor-based nanocomposites for
photocatalytic H2 production and CO2 conversion
Wenqing Fan, Qinghong Zhang and Ye Wang*
Semiconductor-based photocatalysis has attracted much attention in recent years because of its potential for
solving energy and environmental problems that we are now facing. Among many photocatalytic reactions,
the splitting of H2O into H2 and O2 and the reduction of CO2 with H2O into organic compounds such as CH4
and CH3OH are two of the most important and challenging reactions. Many studies have been devoted to
designing and preparing novel photocatalytic materials for these two reactions. This article highlights recent
advances in developing semiconductor-based nanocomposite photocatalysts for the production of H2 and the
reduction of CO2. The systems of semiconductor–cocatalyst, semiconductor–carbon (carbon nanotube or
graphene) and semiconductor–semiconductor nanocomposites have mainly been described. It has been
demonstrated that the design and preparation of nanocomposites with proper structures can facilitate charge
separation/migration and decrease the charge recombination probability, thus promoting the photocatalytic
activity. Keeping the reduction and oxidation processes in different regions in the nanocomposite may also
enhance the photocatalytic efficiency and stability. The location and size of cocatalysts, the interfacial contact
between semiconductor and carbon materials, and the heterojunctions between different semiconductors
together with the suitable alignment of band edges of semiconductors are key factors determining the
photocatalytic behaviours of the nanocomposite catalysts.
1. Introduction
Nowadays, we mainly rely on fossil resources for energy. However,
the depletion of fossil resources and the growing environmental
concerns due to the emission of large amounts of CO2 during
the combustion of fossil fuels have emphasized the need to
develop renewable and clean energy resources. Among the
renewable energy resources, solar energy is the largest exploit-
able resource, and it is estimated that B0.015% of the solar
energy reaching the earth is enough to support human society.1
Although there are several different ways to utilize solar energy,
such as solar photovoltaic (PV) and concentrating solar power
(CSP) technologies,2 the direct conversion of solar energy into
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chemical energy, preferably hydrogen, is one of the ideal routes.
The use of solar energy to split water into H2 and O2 is the
ultimate objective, because water is the most abundant and the
cheapest hydrogen source in the earth, and it is also the sole
product during the consumption of H2 as a fuel.
On the other hand, the growing concerns about the emissions
of CO2, which is a major anthropogenic greenhouse gas, have
driven research activities for CO2 capture, storage and utiliza-
tion. Particularly, catalytic conversions of CO2 to fuels and
chemicals have attracted much attention in recent years.3 How-
ever, CO2 is a very stable molecule, and the reactions involving
CO2 typically require large energy input or co-feeding of a high
energy reactant such as H2. In the long-term, the photocatalytic
conversion of CO2 using solar energy, i.e., artificial photosynthesis,
is the most attractive route.
Fujishima and Honda first discovered the evolution of H2
through the photoelectrochemical splitting of water on TiO2
electrodes under ultraviolet (UV) irradiation in 1972.4 Inoue
et al. reported the photoelectrocatalytic reduction of CO2 to
organic compounds, including formic acid, methanol and
formaldehyde, under the irradiation of aqueous suspensions
saturated with CO2 by a Xe lamp in the presence of a variety of
semiconductors, such as TiO2, ZnO, CdS, SiC and WO3, in
1979.5 Since then, many studies have been devoted to photo-
catalytic H2 production and CO2 reduction, and the pace has
increased enormously in the past decade because of the rapidly
growing demand for new energy resources and the worsening
global environment. The progress in nanotechnology, particularly
the synthesis of nanomaterials with different structures and
morphologies, has also accelerated the development of
novel photocatalysts.6,7 There are some excellent review papers
focusing on the semiconductor-based photocatalytic produc-
tion of H2 and reduction of CO2.
8–15
Basically, semiconductor-based photocatalysis for the split-
ting of H2O to H2 and O2 and the reduction of CO2 with H2O
involves the following three main steps (Fig. 1): (i) the genera-
tion of electron–hole pairs after the absorption of photons by
the semiconductor; (ii) the separation and migration of photo-
generated electrons and holes to surfaces or the recombination
of the electron–hole pairs; (iii) the oxidation of H2O (donor) by
holes to O2 (eqn (1)) and the reduction of H2O or CO2 (acceptor)
by electrons to H2 or CO and organic compounds (eqn (2)–(7))
on surface sites. The photon energy required for the photo-
excitation depends on the bandgap of the semiconductor. The
semiconductor with a wider bandgap such as TiO2 (B3.2 eV)
can only utilize UV light, which accounts for B4% of the total
solar energy, while that with a narrower bandgap such as CdS
(B2.4 eV) can work under visible light. The band-edge position
is also an important parameter, and it should be compatible
with the redox potentials of the related chemical species
(Fig. 2). For the evolution of H2 and the reduction of CO2, the
conduction-band edge should lie at a higher position (more
negative) than the redox potential of H2/H2O or CH4/CO2
(CH3OH/CO2, HCHO/CO, HCOOH/CO2 or CO/CO2), while the
position of the valance-band edge should be lower (more
positive) than that of the redox potential of O2/H2O. Thus,
engineering the energy bands of semiconductor photocatalysts
with an aim to use visible light is one of the key challenges in
photocatalysis. Another key challenge in photocatalysis is to
increase the efficiency. It is known that the charge separation/
migration and recombination are two competitive processes,
and the recombination of photogenerated electrons and holes
is believed to be one of the main reasons for the low efficiency
of photocatalysis.16 Typically, photogenerated electron–hole
Fig. 1 Schematic illustration of semiconductor-based photocatalytic processes.
Fig. 2 Band-edge positions of some semiconductors relative to the energy
levels of several redox couples in water.
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pairs have a recombination time on the order of 109 s, whereas
the chemical interaction with adsorbed species has a longer
time (108–103 s). To avoid the recombination of the photo-
excited electrons and holes by accelerating their separation and
migration is fundamentally important for the photocatalytic
production of H2 and reduction of CO2, which are two of the
most challenging photocatalytic reactions.
H2O + 2h
+ - 1/2O2 + 2H
+ (1)
2H+ + 2e - H2 (2)
CO2 + 2H
+ + 2e - CO + H2O (3)
CO2 + 2H
+ + 2e - HCOOH (4)
CO2 + 4H
+ + 4e - HCHO + H2O (5)
CO2 + 6H
+ + 6e - CH3OH + H2O (6)
CO2 + 8H
+ + 8e - CH4 + 2H2O (7)
Several strategies have been proposed to facilitate the charge
separation and migration.17 The utilization of nanocomposites
as photocatalysts instead of single semiconductors is one of the
most efficient and practicable approaches to enhance the
photocatalytic performance. In the semiconductor-based nano-
composites, the charge may migrate from one component,
typically the semiconductor absorbing irradiation, to the other
component, which may be a noble metal, a transition metal or
metal oxide, a metal sulphide, a carbon material or another
semiconductor with proper band-edge positions. Photocatalytic
efficiencies may also be promoted by keeping reduction and
oxidation reactions in different regions. Moreover, the second
or third component in the nanocomposites may also provide
active centres for the activation of reactants or the subsequent
reduction/oxidation reactions, working as a co-catalyst.
This Perspective Article highlights the semiconductor-
based nanocomposites for the photocatalytic production of
H2 and the reduction of CO2 mainly reported in the recent
5–10 years. The systems involved in this article include semi-
conductor–cocatalyst, semiconductor–carbon and semiconductor–
semiconductor composites.
2. Semiconductor–cocatalyst composites
2.1 Noble and coinage metals as co-catalysts
Noble and coinage metals such as Pt, Rh, Pd, Ru, Cu, Ag and Au
are widely used as cocatalysts for photocatalytic H2 production
and CO2 reduction.
8,14 As the Fermi energy levels of these metals
are typically lower than those of semiconductors, the photo-
generated electrons can be easily entrapped by these metal
nanoparticles in the nanocomposite. Meanwhile, the photo-
generated holes stay on the semiconductor. This forms
the Schottky barrier between metal nanoparticles and semicon-
ductors and can retard the recombination of photogenerated
electrons and holes.16 The metal nanoparticles function as
cocatalysts by providing active centres for the activation and
reduction of H2O to H2 or the activation and reduction of CO2
to CO and organic compounds such as CH4, CH3OH in the presence
of H2O, while the oxidation of H2O or a sacrificial reagent
occurs at different sites on the semiconductor or another
cocatalyst for oxidation reaction (Fig. 3).
There are many systems showing significant accelerating
effect of noble or coinage metal on the performance for photo-
catalytic production of H2.
8 Excellent quantum efficiencies
(QEs) have been reported by loading Pt nanoparticles onto
CdS catalyst for H2 evolution under visible-light irradiation.
For example, Bao et al.18 reported that porous CdS nanostruc-
tures, including nanosheets and hollow nanorods, loaded with
monodisperse 3–5 nm Pt nanocrystals exhibited excellent H2
evolution activity in the presence of sacrificial reagents of Na2S
and Na2SO3 under visible-light (l Z 420 nm) irradiation. The
single nanoporous CdS exhibited a H2 evolution rate of
0.02 mmol h1, and the H2 formation rate increased to
0.55 mmol h1 by loading 0.5% Pt and further to 4.1 mmol h1
by loading 13% Pt onto CdS. The apparent QE for H2 formation
measured at 420 nm reached B60%. Yan et al.19 found that a CdS
co-loaded with 0.3 wt% Pt and 0.13 wt% PdS (Pt–PdS/CdS)
could achieve a QE up to 93% for photocatalytic H2 production
using Na2S and Na2SO3 as sacrificial reagents under visible-
light irradiation. The catalyst was also very stable during the
photocatalytic reactions, and no deactivation was observed for
4100 h. It is expected that Pt accepting photoelectrons
functions as the cocatalyst for H2 production. PdS also played
a crucial role in obtaining the high QE value,19 and it
seemed that the photogenerated holes might transfer from
CdS to PdS and thus PdS might function as a cocatalyst
for oxidation.19 This may increase the stability of CdS since
the oxidation of S2 of CdS by photogenerated holes
may be responsible for the deactivation (photocorrosion) of
CdS. To avoid the photocorrosion of CdS, Amirav and Alivisatos
designed and prepared a three-component well-defined nano-
structure composed of a Pt-tipped CdS rod (27–70 nm long)
with an embedded CdSe seed (2.3 or 3.1 nm).20 In such a
structure, the photogenerated holes migrated from CdS to CdSe
owing to the higher position of the valance-band edge of
CdSe and were confined to CdSe, whereas the photogenerated
electrons were transferred to the Pt tip. This not only prevents
CdS from photocorrosion but also results in efficient separation
Fig. 3 Schematic illustration of the function of cocatalyst for the reduction of
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of electrons and holes. The rate of H2 formation was 162 mmol h
1
(40 mmol h1 g1) under visible-light illumination, B28 times
higher than that over the Pt-tipped CdS nanorod without CdSe
seed. The stability was also significantly improved by incorpora-
tion of CdSe.
Thus far, only limited studies have been devoted to bimetallic
cocatalyst systems for H2 evolution.
21,22 Gallo et al.21 recently
reported that Pt/TiO2 exhibited a higher rate of H2 evolution
from ethanol/water solution under either UV or simulated sun-
light irradiation than Au/TiO2, and the bimetallic Au–Pt/TiO2
photocatalyst prepared by a co-impregnation method showed a
further higher rate of H2 evolution than the Pt/TiO2 catalyst.
Several possibilities are likely to be responsible for the enhanced
activity of the bimetallic catalyst. First, the desorption of H2 may
become easier from bimetallic Au–Pt nanoparticles as compared
to that from Pt nanoparticles because of the decreased metal–
hydrogen bond strength. Second, the surface plasmon resonance
band absorptions owing to the presence of Au may enhance the
photocatalytic activity in the visible-light region, increasing the
H2 evolution rate under simulated sunlight. Actually, the 0.5%
Au–0.5% Pt/TiO2 could work for the evolution of H2 from
methanol/H2O solution even under visible light irradiation.
TiO2-loaded core–shell structured Au–Pd nanoparticles with
an Au core and a Pd shell, which had been prepared by
sonochemical method, were also examined for the photo-
catalytic production of H2 from ethanol/H2O solution.
22 The
catalyst with a Pd/Au molar ratio of 75/25 exhibited the highest
H2 evolution rate under both UV- and visible-light irradiation.
The comparison of the Au–Pd/TiO2 catalysts with core–shell
and random alloy (by annealing of the core–shell catalyst at 673 K)
structures showed that the core–shell structure exhibited a higher
H2 evolution rate under visible-light irradiation whereas the
random alloy structure provided a higher rate of H2 evolution
under UV-light irradiation. For the catalyst with the core–shell
structure, it was speculated that the selective hydrogen
permeability by the Pd–shell might contribute to the selective
donation of photogenerated electrons trapped in the Au core to
protons. This may result in its higher photocatalytic activity for
H2 evolution from the ethanol/H2O solution.
22
Noble metal cocatalysts also played significant roles in the
photoreduction of CO2. A recent study compared the perfor-
mances of TiO2 and Pd/TiO2 for the photocatalytic reduction of
CO2 with H2O.
23 While CO was found to be a major product on
the TiO2 free of organic adsorbates under irradiation with
4310 nm light, the loading of Pd onto TiO2 by a photochemical
technique caused the formation of CH4 as the main product
together with minor C2H6 and CO. It was suggested that the
reduction of CO2 to CH4, which was an 8-electron process,
proceeded on the Pd0 sites. The oxidation of Pd0 to PdO
occurred during the photocatalytic reduction of CO2, causing
the deactivation. A detailed study has been performed for the
Au/TiO2–catalyzed photoreduction of CO2 with H2O.
24 Under
the irradiation with UV light (l = 254 nm), CH4 was the only
product over bare TiO2, and the loading of Au nanoparticles led
to the formation of C2H6, CH3OH and HCHO besides CH4. The
additional reactions over the Au-loaded photocatalyst were
proposed to follow an interband transition mechanism.
The Au/TiO2 could also work for the photoreduction of CO2
with H2O to CH4 under visible-light (l = 532 nm) irradiation.
The rate of CH4 formation was 22.4 mmol per m
2 of catalyst
over the Au/TiO2, B24 times higher than that over the bare
TiO2 (0.93 mmol per m
2 of catalyst). This was interpreted as
plasmonic enhancement by the Au nanoparticles.24 The strong
electromagnetic fields caused by the surface plasmon reso-
nance of the Au nanoparticles under visible light illumination
could excite electron–hole pairs locally on TiO2 at a rate several
orders of magnitude higher than the common incident light.
Several studies have focused on the use of Cu as a cocatalyst
for the photocatalytic reduction of CO2.
25–31 Wu and co-workers
studied Cu/TiO2 catalysts prepared by a modified sol–gel
method.28,29 Methanol was formed during the photoreduction
of CO2 (101.3–135.6 kPa) with H2O over their catalysts sus-
pended in NaOH aqueous solution (NaOH concentration, 0.2 M)
under UV-light irradiation (l = 254 nm). The rate of CH3OH
formation increased significantly with the loading of Cu and
reached the highest (B120 mmol gcat
1 after 6 h of reaction) at a
Cu loading of 2.0 wt%. The formation of CH3OH owing to the
loading of Cu onto TiO2 by an impregnation method was also
reported by Yamashita et al. in an early study.27 The redistribu-
tion of the electric charge and the Schottky barrier between Cu
and TiO2 may facilitate electron trapping on loaded Cu. The
concentration of NaOH played roles in the photocatalytic
reduction of CO2.
28,29 Besides the absorption of CO2 into the
aqueous solution, OH might act as a scavenger for photogen-
erated holes, inhibiting the recombination of photogenerated
electrons and holes.29 Mesoporous silica-supported Cu/TiO2
catalysts (Cu/TiO2–SiO2), prepared by a one-pot sol–gel method,
were investigated for the photocatalytic reduction of CO2 with
H2O vapour.
30 The reaction was performed with a continuous-
flow reactor system. CO was formed as a major product over the
TiO2–SiO2 without Cu under irradiation with Xe lamp. The
loading of Cu under these circumstances caused the formation
of CH4 instead of CH3OH besides CO although Cu
I was also
proposed to be the active site. The catalyst with an optimum Cu
loading, i.e., 0.5 wt% Cu/TiO2–SiO2, provided rates of CO and
CH4 formations of 60 and 10 mmol g
1 h1, respectively.
Cu–TiO2–SiO2 nanocomposites, which had been prepared
by an evaporation-driven self-assembly of nanocolloids in a
furnace aerosol reactor using nanosized TiO2 and SiO2 colloids
and copper nitrate solution as precursors, were also investigated
for the photocatalytic reaction of CO2 and H2O in the continuous-
flow reactor system.31 However, only the formation of CO was
observed and the presence of Cu enhanced the formation of CO.
Pt and Cu nanoparticles have been employed as bimetallic
cocatalysts for photocatalytic conversion of CO2 with H2O over
nitrogen-doped titania nanotube (NT) arrays.32 The cocatalysts
significantly accelerated the conversion of CO2 into CH4 and
other hydrocarbons together with CO and H2 under outdoor
sunlight illumination.32 The rate of hydrocarbon formation
reached B160 mL g1 h1 over the Pt–Cu/NT catalyst. Further
analyses clarified that the rate of H2 formation over the Pt/NT
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B5 times more CO than the Pt/NT. Thus, it was proposed that
Pt mainly worked for H2O reduction, while Cu might be
responsible for CO2 activation. CO formed from the activation
of CO2 might react with the atomic hydrogen from the activation
of H2O to form hydrocarbons.
32 The homogeneous distribution
of Pt and Cu nanoparticles over the entire TiO2 nanotube arrays
would accelerate the activation of both H2O and CO2, thus
enhancing the rate of hydrocarbon formation.
Only a few studies have investigated the effect of particle size
of cocatalysts. A recent comparative study showed that while
TiO2 alone was inactive irrespective of the crystalline structure,
the Au/TiO2 anatase exhibited a rate of two orders of magnitude
higher than the Au/TiO2 rutile containing Au nanoparticles
of similar sizes for the production of H2 from ethanol under
UV-light irradiation.33 This is believed to arise from the much
higher rate of electron–hole recombination in the case of rutile.
The effect of Au particle size was also investigated for the
Au/TiO2 anatase-catalyzed photocatalytic H2 production from
ethanol solution.33 It is quite surprising that the size of Au
particles in the range 3–12 nm does not affect the rate of H2
production. Biswas and co-workers34 prepared Pt/TiO2 nano-
structured films, which contained one dimensional structured
TiO2 single crystals coated with Pt nanoparticles, by using
versatile gas-phase deposition methods. The size of Pt nano-
particles could be controlled by changing the time for Pt
deposition, and the mean sizes of Pt nanoparticles of
0.5–2 nm were obtained as the deposition time changed from
5–60 s. The Pt/TiO2 nanofilms exhibited very high efficiencies
for photocatalytic reduction of CO2 with H2O vapour in a
continuous flow reactor to CH4 under UV-light irradiation
(l = 250–388 nm). The rate of CH4 formation depended on the
size of Pt nanoparticles, and the highest rate (1361 mmol gcat
1 h1)
was achieved at a mean Pt particle size of B1 nm (Fig. 4). The
quantum yield for CH4 formation was 2.41% under these con-
ditions. This was claimed to be the highest CH4 formation rate
reported in the literature for photocatalytic reduction of CO2.
34
Both smaller and bigger Pt cocatalysts displayed lower activities
for CH4 formation. It is proposed that the smaller Pt nano-
particles possibly have higher energy band separation due to
quantum confinement, preventing electron transfer from the
TiO2 conduction band to Pt (Fig. 4). On the other hand, when the
size of Pt nanoparticles became larger, their property may
approach that of bulk Pt, capturing both photoexcited electrons
and holes and acting as charge recombination centres. Thus, it is
concluded that the optimal size of Pt nanoparticles is that with
energy bands positioned between 4.4 eV (the lower energy level
of TiO2 conduction band) and 5.65 eV (the work function of
bulk Pt). The extremely high efficiency of Pt/TiO2 nanofilms was
believed to arise from the synergistic effects of high surface area
and single crystallinity of the unique 1D structure of the film and
the efficient electron–hole separation by the Pt nanoparticles.
2.2 Transition metal oxides combined with metals as
cocatalysts
Transition metal oxides have been employed as cocatalysts for
the photocatalytic production of H2. NiO is known to be an
efficient cocatalyst of oxide semiconductors with d0 metal ions
for the splitting of water.6,7,35 For example, the loading of ultrafine
NiO onto NaTaO3 doped with La significantly enhanced the
formation rates of H2 and O2 with a stoichiometric ratio from
pure water.36 The rates of H2 and O2 evolution reached 19.8 and
9.7 mmol h1, respectively, under UV irradiation, and the
maximum apparent quantum yield over this photocatalyst was
56% at 270 nm. A nanostep structure was found to be created at
the surface of La-doped NaTaO3. It was proposed that the ultrafine
NiO particles loaded on the edge sites of the nanostep were
responsible for the reduction of H2O to H2 while the groove sites
of the nanostep were for the oxidation to produce O2. Thus, the
active sites for H2 evolution were separated from those for O2
evolution, contributing to the extremely high efficiency.
An early study clarified that, for the NiO-loaded SrTiO3
catalyst, a suitable pretreatment, i.e., a reduction by H2 followed
by reoxidation by O2 at proper temperatures, was necessary for
obtaining high activity for the splitting of H2O.
37 Further char-
acterizations indicated that metallic Ni existing at the interface of
NiO and SrTiO3 played a key role in the production of H2.
38 Such a
pretreatment was also found to be crucial for the NiO-doped
InTaO4 (NiOy/In1xNixTaO4, x = 0–0.2) catalyst, which could work
for photocatalytic splitting of H2O under visible-light (l 4
420 nm) irradiation.39 The reduction–oxidation pretreatment
caused the formation of a double-layered structure of metallic
Ni and NiO (denoted NiOy, a core–shell structure of Ni@NiO) on
the surface of photocatalyst, and this double-layered structure
Fig. 4 Effect of size of Pt particles loaded onto TiO2 nanofilm on the yield of CH4
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may suppress the backward reaction, i.e., the reaction of H2
with O2 to form H2O, which occurs on metallic Ni. The rates of
H2 and O2 evolution were B16.6 and 8.3 mmol h
1, respectively,
and the quantum yield at 402 nm was estimated to be 0.66%.
Recently, Tsai et al.40 prepared N-doped InTaO4 (InTaO4–N)
loaded with Ni@NiO core–shell structured cocatalyst by
impregnation of Ni(NO3)2, followed by NaBH4 reduction and
subsequent treatment in air at 473 K. The Ni@NiO/InTaO4–N
catalyst was applied to photocatalytic reduction of CO2 with
H2O in aqueous solution under visible-light (l = 390–770 nm)
irradiation. CH3OH was formed, and the rate of CH3OH formation
increased in the order of InTaO4 (B65 mmol gcat
1 h1) o
InTaO4–N (B130 mmol gcat
1 h1) o Ni@NiO/InTaO4–N
(B165 mmol gcat
1 h1). Because the energy of the N 2p-orbital
is higher than that of O 2p, the N-doping can decrease the
bandgap energy and increase the absorbance in the visible-light
region. On the other hand, the cocatalyst of core–shell Ni@NiO
could provide reaction centers, which effectively transferred photo-
generated electrons from the surface of InTaO4–N. The loading of
cocatalyst was also found to enhance the absorbance.
Domen and co-workers developed a new GaN:ZnO solid
solution, i.e., (Ga1xZnx)(N1xOx), which could catalyze the
splitting of H2O under visible-light irradiation after loading a
RuO2 cocatalyst.
41 The efficiency of the (Ga1xZnx)(N1xOx)
catalyst could be significantly improved by loading nanoparticles
of a mixed oxide of rhodium and chromium (Rh2yCryO3), and
the quantum efficiency could reach 2.5% at 420–440 nm.42 They
further investigated the effect of loading Cr and another transi-
tion metal as two-component cocatalysts on the performances of
the (Ga1xZnx)(N1xOx) for the overall H2O splitting under UV
(l4 300 nm) irradiation.43 While the modification with Cr alone
was not effective for promoting the activity, a variety of transition
metals could enhance the photocatalytic performance when they
were co-loaded with Cr. The largest improvement in the activity
was obtained by co-loading 1 wt% Rh and 1.5 wt% Cr. This Rh
and Cr two component cocatalyst was found to be applicable to
other semiconductors such as ZnNb2O6, b-Ga2O3 and b-Ge4N3.
43
Further studies showed that the Rh2yCryO3/(Ga1xZnx)(N1xOx)
was very stable in an aqueous H2SO4 solution at pH 4.5 when it
was used for the splitting of water under visible-light irradiation
(l4 400 nm).44 The photocatalytic performance was lower at pH
values of 3.0 and 6.2 due to the corrosion of Cr in the catalyst
and the hydrolysis of (Ga1xZnx)(N1xOx), respectively. It was
clarified that the Rh2yCryO3 nanoparticles dispersed on the
(Ga1xZnx)(N1xOx) surface worked as an efficient H2 evolution
site but not an O2 evolution site. The suppression of O2
reduction over the Rh2yCryO3/(Ga1xZnx)(N1xOx) at the optimal
pH (4.5) also contributed to the high efficiency for the photo-
catalytic overall water splitting under visible-light irradiation.
The water splitting rate over the Rh2yCryO3/(Ga1xZnx)(N1xOx)
catalyst was found to be proportional to light intensity under
solar-equivalent or weaker irradiation, suggesting that the
accumulation of photoexcited electrons and holes was negligible.
Excess loading of the cocatalyst did not improve the water splitting
rate.45 A recent study demonstrated that the Rh2yCryO3/
(Ga1xZnx)(N1xOx) could be operated for 3 months without
deactivation, producing B9 mmol H2 from aqueous H2SO4
solution with a pH of 4.5 under visible light irradiation
(400 nm o l o 500 nm).46 After 6 months, a 50% activity drop
was observed due to the collapse of H2 evolution sites (i.e.,
Rh2yCryO3 nanoparticles) and the hydrolysis of the nitride
component by valence band holes as well as the mechanical
damage caused by stirring the reactant solution.
Domen and co-workers further prepared core/shell struc-
tured nanoparticles consisting of a metallic Rh core and Cr2O3
shell as cocatalysts of the (Ga1xZnx)(N1xOx) by a two-step photo-
deposition method using aqueous solutions of Na3RhCl62H2O
and K2CrO4 as precursors.
47,48 The average size of Rh was
B7.6 nm and the thickness of the Cr2O3 shell was B2 nm.
47
The Rh@Cr2O3/(Ga1xZnx)(N1xOx) catalyst exhibited excellent
performance for the photocatalytic splitting of H2O,
whereas the Rh/(Ga1xZnx)(N1xOx) exhibited lesser activity.
Moreover, the addition of Rh/(Ga1xZnx)(N1xOx) into the system
containing the Rh@Cr2O3/(Ga1xZnx)(N1xOx) catalyst retarded
the production of H2. A comparative study revealed that the
Rh@Cr2O3 nanoparticle as the cocatalyst was better than the
Rh–Cr trivalent mixed oxide for enhancing the photocatalytic
activity of (Ga1xZnx)(N1xOx).
49 These observations indicated
that the metallic Rh on the surface catalyzed the oxidation of
the formed H2, the backward reaction of water splitting. In
other words, the core–shell structure of the cocatalyst sup-
pressed the backward reaction effectively. This strategy was
also applicable to the case using another noble metal (such as
Ir or Pt) as the core and Cr2O3 as the shell and to other
semiconductor systems (such as SrTiO3 and NaTaO3).
Concerning the functioning mechanism of the Rh@Cr2O3
cocatalyst, it is proposed that the Rh nanoparticle core promotes the
migration of photogenerated electrons from the (Ga1xZnx)(N1xOx)
semiconductor and the Cr2O3 shell prevents the formation of
H2O from H2 and O2, which can easily occur on metallic Rh
sites (Fig. 5). The Ni@NiO cocatalyst loaded on SrTiO3,
37,38
InTaO4
39 and N-doped InTaO4
40 should play similar roles as the
Rh@Cr2O3 cocatalyst, but a series of studies using the
Rh@Cr2O3 cocatalyst by Domen and co-workers demonstrated
the possibility of selectively introducing active species for the
overall H2O splitting at the reduction sites of the photocatalyst,
the possibility of using various noble metals as the core for
extraction of photogenerated electrons from the semiconductor,
Fig. 5 Proposed functioning mechanisms of Rh@Cr2O3 and Mn3O4 cocatalysts
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and no need of special pretreatment, i.e., reduction followed by
mild oxidation.11,47–49 A recent electrochemical study using Cr2O3-
coated Rh and Pt electrodes suggested that H2 could penetrate the
Cr2O3 layer, which may exist as CrO1.5m(OH)2mxH2O at the inter-
face with an aqueous solution, but O2 could not.
50 It is proposed
that the reduction of H2O takes place at the Cr2O3/Rh interface,
and the Cr2O3 layer does not interfere with proton reduction or
H2 evolution.
50 Furthermore, the co-loading of Mn3O4 nano-
particles with a mean size of B9.2 nm, which functioned as
efficient cocatalysts for O2 evolution, with Rh@Cr2O3 nanoparticles
onto the (Ga1xZnx)(N1xOx) semiconductor at different locations
further promoted the efficiency of overall H2O splitting under
visible-light irradiation (l 4 420 nm).51
2.3 Metal sulphides as cocatalysts
Non-noble transition sulphides have also been exploited as
co-catalysts to replace the expensive noble metals. Li and
co-workers found that the photocatalytic activity of CdS, which
is a simple and typical visible-light-driven photocatalyst, could
be significantly enhanced by loading MoS2 as a cocatalyst.
52,53
For the H2 evolution from aqueous solution containing lactic
acid as a sacrificial reagent under visible-light irradiation (l 4
420 nm), while MoS2 was inactive and CdS showed a low rate of
H2 evolution (15 mmol h
1), the MoS2/CdS catalyst containing
0.2 wt% MoS2 exhibited a rate of H2 evolution of 540 mmol h
1,
increasing 36 times owing to the presence of cocatalyst.52 The
quantum efficiency for H2 evolution over the 0.2 wt% MoS2/CdS
was estimated to be 7.3% at 420 nm.53 The 0.2 wt% MoS2/CdS
catalyst was even more active than some noble metal-loaded
CdS catalysts (Fig. 6). Lactic acid was the best sacrificial reagent,
but other sacrificial reagents such as methanol, ethanol, ethylene
glycol and glycerol could also be employed as the sacrificial
reagents for H2 evolution.
53 The 0.2 wt% MoS2/CdS showed higher
activities than the 0.2 wt% Pt/CdS irrespective of the sacrificial
reagent employed. A further investigation showed that the loading
of WS2 onto CdS also significantly enhanced the evolution of H2
from lactic acid solution under visible-light (l 4 420 nm)
irradiation.54 A 1 wt% WS2/CdS exhibited the highest activity
among a series of catalysts with different WS2 loadings. The
activity of the 1 wt% WS2/CdS catalyst was comparable to that
of the Pt/CdS catalyst (Fig. 6). Characterizations of MoS2- or
WS2-loaded CdS catalysts suggested the formation of hetero-
junctions between MoS2 and CdS or WS2 and CdS. These
catalysts prepared by impregnation of CdS powders with
(NH4)2MoS4 or (NH4)2WS4 ammonia solution, followed by
drying and calcination in H2S, showed higher photocatalytic
activities than those of the mechanical mixtures, also indicating
the key role of the heterojunctions. Furthermore, the electro-
chemical studies indicated that, similar to Pt, MoS2 and WS2
could also function for H2 evolution. Thus, the significantly
enhanced H2 evolution rate over the MoS2- or WS2-loaded CdS
catalyst is mainly due to the heterojunctions formed between
MoS and CdS or WS2 and CdS, which facilitate the electron
transfer from CdS to MoS2 or WS2 and the excellent performance
of MoS2 or WS2 as a cocatalyst in catalyzing H2 evolution.
3. Semiconductor–carbon composites
3.1 Carbon nanotube
Semiconductor–carbon nanotube (CNT) nanocomposites have
attracted much research attention in photocatalysis because
of the unique properties of CNTs.55,56 First, CNTs possess a
large electron-storage capacity, and may accept photogenerated
electrons from the semiconductor catalyst in the nanocompo-
site. Meanwhile, the long-range p electronic conjugation of
CNTs is beneficial for promoting electron transfer. These
may thus suppress the recombination of the photogenerated
electrons and holes, enhancing the photocatalytic activity for
H2 evolution (Fig. 7). Second, CNTs possess a high specific
surface area (4150 m2 g1), which may increase the adsorption
of reactants, thus enhancing the photocatalytic activity. This is
particularly important for the photocatalytic destruction of
pollutants. Third, CNTs might function as photosensitizers,
extending the excitation wavelength. In other words, the CNT as
a semiconductor itself might absorb the irradiation under
visible light and transfer the photoinduced electrons into the
conduction band of a UV-light-driven semiconductor such as
Fig. 6 The rate of H2 evolution from lactic acid solution under visible-light
irradiation (l 4 420 nm) over CdS photocatalysts loaded with MoS2 and WS2 as
well as several noble metals.52–54
Fig. 7 Schematic illustration of the main function of CNT as an acceptor and
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TiO2, and this was proposed to interpret the enhanced photo-
efficiency of TiO2–CNT composites for the degradation of
phenol under visible-light irradiation.57 Furthermore, the func-
tional groups on CNT surfaces may also bring about effects on
the photocatalytic behaviours of the nanocomposites. Thus far,
most of the studies using semiconductor–CNT nanocomposite
photocatalysts have focused on environmental applications,
i.e., photodegradation of organic compounds.55,56,58,59
There are limited reports on the enhancing effects by combining
CNTs with a semiconductor for photocatalytic H2 evolution and
CO2 reduction. Ou et al.
60 prepared a nanocomposite of CNT and
Ni-doped TiO2 by a modified chemical vapour deposition method.
This nanocomposite could catalyze the evolution of H2 from
methanol/water solution under visible-light irradiation. The
nanocomposite with a CNT content of 4.4% exhibited a rate
of H2 evolution of 38.1 mmol h
1 from CH3OH/H2O (1/50)
solution under visible-light (380 o l o 780 nm) illumination,
while a negligible amount of H2 was formed over the Ni-doped
TiO2 without CNT. This enhancing effect of CNTs was explained
by assuming that CNTs functioned as photosensitizers as
suggested by Wang et al.57
Peng et al.61 prepared CdS–CNT nanocomposites with
different contents of CNTs by a hydrothermal method, which
provided a way of direct growth of CdS nanoparticles on the
functionalized CNT surfaces. Characterizations showed
the intimate contact of CdS nanoparticles of 12–28 nm in
diameters with the CNT outer surfaces. The CdS–CNT nano-
composites with proper CNT contents showed better rates of H2
evolution from aqueous solution containing Na2S and Na2SO3
as sacrificial reagents than CdS alone under visible-light irra-
diation (l 4 420 nm). The 10 wt% CdS–CNT nanocomposite
exhibited the highest rate of H2 evolution (174.2 mmol h
1),
which was B1.8 times higher than CdS (97.9 mmol h1). Aside
from the main function of CNT in suppressing the recombina-
tion of photogenerated charges, other roles were also examined
for the CdS–CNT system for H2 evolution. It seemed that the
contribution of H2 evolution through the photosensitization of
CNTs was very limited although CNTs increased the visible-
light absorption. The presence of CNTs clearly enhanced the
catalyst stability; the production of H2 showed a decreasing
trend after 411 h of irradiation for CdS, while the nanocompo-
site kept stable in a 15 h of reaction. The measured Cd2+
amounts in the photoreaction solution after 15 h of reaction
for CdS and 10 wt% CdS–CNT were 10.6 and 0 mg mL1,
confirming that CNTs could effectively suppress the photo-
corrosion of CdS.
The ternary composites of CdS–CNT–M (M is a transition
metal) were also studied for the photocatalytic H2 evolution
from the aqueous solution containing Na2S and Na2SO3 sacri-
ficial reagents under visible-light illumination.62 The transition
metal was first loaded on CNTs by chemical reduction with
NaBH4. Then, the transition metal-loaded CNTs were dispersed
in the aqueous solution of Cd(CH3COO)2, followed by addition
of Na2S, filtration, washing and drying. Among the CdS–CNT–M
catalysts containing various M, the CdS–CNT–Pt exhibited the
highest rate of H2 evolution. The rate of H2 evolution over the
CdS–CNT–Pt was B0.825 mmol h1 g1, about one order of
magnitude higher than that over CdS–CNT. The pretreatment
of CNTs was also important, and the pretreatment with acids
was found to enhance the loading of Pt onto CNTs and was the
most effective for accelerating the photocatalytic performance.
Characterizations clarified that Pt nanoparticles with sizes of
10–30 nm and CdS particles with sizes of B460 nm were located
on CNTs, and both appeared to be firmly attached to CNT.
3.2 Graphene
Graphene, which is a two-dimensional sp2-hybridized carbon
nanosheet, possesses many unique properties such as a very
high theoretical specific surface area (B2600 m2 g1), excellent
mobility of charge carriers (B200 000 cm2 V1 s1) and good
mechanical strength.63–67 Graphene has become one of the most
exciting materials and has found many application potentials.68,69
Graphene has also been exploited for photocatalysis over the
past 3–4 years.70–76 Typically, graphene is combined with semi-
conductors to form semiconductor–graphene nanocomposite
photocatalysts. The photocatalytic performance can be enhanced
by introducing graphene probably owing to: (1) enhancing
the charge separation and transfer because of the high mobility
of charge carriers on graphene; (2) increasing the adsorption of
reactants because of the very large specific surface area of graphene;
(3) extending light absorption range. The two-dimensional
open structure of graphene and the abundant oxygen-containing
functional groups on graphene oxide (GO), one of the most
extensively employed graphene precursors, allow the preparation
of graphene-based nanocomposites with strong interactions
between semiconductor and graphene. Many strategies have
been developed for the preparation of graphene-based nano-
composites.69–72 The addition of semiconductor or its precur-
sors into an aqueous solution of GO, followed by reduction or
one-pot growth, is a convenient way to prepare graphene-based
nanocomposites.
Kamat and co-workers performed pioneering studies on
TiO2–graphene composites.
77,78 They clarified that the photo-
generated electrons from UV-irradiated TiO2 could be trans-
ferred to GO, reducing GO to graphene. The photogenerated
electrons could also be transported across the graphene to
reduce Ag ions to Ag nanoparticles at a position far from the
TiO2. These studies clearly demonstrate the effectiveness of
graphene sheet in transporting electrons. Li and co-workers
reported that TiO2 (P25)–graphene nanocomposites showed
higher activity than P25 for the photodegradation of methylene
blue.79 The P25–graphene could even work for photodegrada-
tion of methylene under visible light (l 4 400 nm). Since these
pioneering studies, many groups have been working on the
graphene-based nanocomposite photocatalysts.69–73 Here, we
focus on the graphene-based photocatalytic systems for H2
evolution and CO2 reduction.
Cui and co-workers prepared TiO2–graphene nanocompo-
sites by a sol–gel method using tetrabutyl titanate and GO as
the precursors, and the graphene sheets were covered with
spherical anatase TiO2 nanoparticles of 10–15 nm in size in the
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evolution of H2 from the aqueous solution containing Na2S and
Na2SO3 sacrificial reagents under UV and visible light. The
nanocomposite containing 5 wt% graphene showed a H2
evolution rate of 8.6 mmol h1, which was 1.9 times higher
than TiO2 (4.5 mmol h
1). A subsequent study by the same
research group showed that the TiO2–graphene prepared by
hydrothermal method was also effective for H2 evolution.
81
We systematically studied the P25–graphene nanocompo-
sites prepared by different methods including UV-assisted
photocatalytic reduction, chemical reduction using hydra-
zine and hydrothermal method (denoted as P25–GR-photo,
P25–GR-hydrazine and P25–GR-hydrothermal, respectively) for
H2 evolution.
82 Irrespective of the preparation methods, the
nanocomposites showed higher rates of H2 evolution from
methanol/H2O solution than P25 alone under UV light (Fig. 8A).
Among these composites, the P25–GR-hydrothermal exhibited the
highest rate of H2 evolution. Characterizations suggested that
the interactions between P25 and graphene were the strongest in
the nanocomposite prepared by the hydrothermal method. The
ratio of P25/GR in the composite also determined the photo-
catalytic performance, and the optimum mass ratio was found to
be 1/0.2 (Fig. 8B). The rate of H2 evolution over this composite
with the optimum mass ratio of P25/GR was 74 mmol h1,
Bone order of magnitude higher than that over P25 alone
(6.8 mmol h1). The P25–GR-hydrothermal could also work for
the splitting of water in the absence of a sacrificial reagent.
It is of interest to compare the catalytic performances
of TiO2–graphene and TiO2–CNT nanocomposites. Xu and
co-workers once reported that P25–GR actually showed perfor-
mances not superior to P25–CNT for the photodegradation of
volatile aromatic pollutant.83 Our results (Fig. 8B) showed that
the rate of H2 production over the P25–GR nanocomposite was
significantly higher than that over the P25–CNT nanocomposite with
an optimized mass ratio of P25/GR (1/0.2) or P25/CNT (1/0.3).82
It is proposed through structure–performance correlations that
the larger contact between P25 nanoparticles and graphene
sheets accounts for the higher photocatalytic activity of the
P25–GR-hydrothermal for the evolution of H2. The larger contact
between P25 and graphene could accelerate the transfer of
photogenerated electrons on P25 to graphene and suppress
the recombination of charge carriers more efficiently (Fig. 9).
Furthermore, the potential of graphene/graphene (–0.08 V vs.
SHE, pH = 0) was less negative than that of TiO2 conduction
band (–0.24 V vs. SHE, pH = 0) but more negative than the
H+/H2 potential (0 V vs. SHE, pH = 0) (Fig. 9). This would enable
the electron transfer from TiO2 conduction band to graphene
and the reduction of H+ to H2.
The larger interfacial contact between TiO2 and graphene
has also been shown to be a key to the photocatalytic selective
oxidation of alcohols in a subsequent study by Xu and co-workers.84
This was proposed to be the main advantage of graphene over
CNT for fabricating efficient carbon-based nanocomposite
photocatalysts.84 They further demonstrated that a combined
Fig. 8 Photocatalytic performances for H2 evolution from aqueous solution of methanol. (A) P25–GR (P25/GR = 1/0.2) nanocomposites prepared by different
methods and P25–CNT (P25/CNT = 1/0.3) nanocomposite. (B) P25–GR and P25–CNT nanocomposites prepared by hydrothermal method with different mass ratios of
P25/GR or P25/CNT.82
Fig. 9 Function of graphene in semiconductor–graphene composites for photo-
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strategy of decreasing the defects of graphene and increasing the
interfacial contact between TiO2 and graphene was useful for
enhancing the photocatalytic performances of TiO2–graphene
composites for the selective oxidation of alcohols.85
To increase further the contact between TiO2 and graphene, Yu
and co-workers fabricated a composite composed of nanosheets of
both TiO2 and graphene by a microwave-assisted hydrothermal
method using GO and anatase nanosheets with exposed (100)
facets prepared preliminarily as precursors.86 The characterizations
using TEM showed that the TiO2 nanosheets with an average side
size of 50–80 nm and a thickness of 6–8 nm were well dispersed on
the graphene sheets with a face-to-face orientation in the nano-
composite. This intimate contact enabled the electrons to move
more efficiently from TiO2 to graphene, and thus significantly
accelerated the photocatalytic activity for H2 evolution from
aqueous solution of methanol under UV-light irradiation. Under
the optimum content of graphene (1.0 wt%), the rate of H2
evolution reached 736 mmol h1 g1, which was 41 times higher
than that over TiO2 nanosheets. The apparent quantum efficiency
was 3.1% at 365 nm for this nanocomposite. As compared to this
nanocomposite, the TiO2–graphene composed of P25 nanoparticles
and graphene sheets showed a relatively lower rate of H2 evolution
(456 mmol h1 g1) under the same reaction conditions, confirming
the role of the interfacial contact.
A few studies have investigated the effect of coexistence
of graphene and a noble metal cocatalyst on photocatalytic beha-
viours of TiO2-based nanocomposites. Park et al. found that the
Pt/TiO2–GO composite exhibited a higher rate of H2 production from
methanol solution than Pt/TiO2 or TiO2–GO under UV-light irradia-
tion, indicating a synergistic effect among TiO2, graphene and Pt
nanoparticles.87 Yu and co-workers prepared a TiO2–MoS2–
graphene composite by a two-step hydrothermal process for the
evolution of H2 from an aqueous solution of ethanol under UV
irradiation.88 The MoS2–graphene composite containing smaller
MoS2 nanosheets dispersed on graphene sheets was first prepared
by a hydrothermal reaction of Na2MoO4 and H2CSNH2 in an
aqueous solution of graphene oxide (GO). Then, the hydro-
thermal treatment of Ti(OC4H9)4 and the MoS2–graphene com-
posite in an ethanol/water solvent led to the formation of TiO2
nanoparticles with sizes of 7–10 nm on the MoS2–graphene
composite. The ternary nanocomposite with a proper composi-
tion, i.e., 99.5% TiO2 and 0.5% MoS–graphene consisting of
95% MoS2 and 5% graphene, exhibited a significantly higher
rate of H2 evolution (165.3 mmol h
1) than the binary nano-
composites of TiO2–MoS2 (36.8 mmol h
1) and TiO2–graphene
(76.7 mmol h1), and provided an apparent quantum efficiency
of 9.7% at 365 nm. MoS2 is known to be an efficient cocatalyst
for H2 evolution.
52,53 Thus, the addition of MoS2 into the TiO2–
graphene composite could further accelerate the evolution of
H2 by promoting the adsorption and activation of H2O.
The synergistic effect for such a graphene-based ternary com-
posite photocatalyst could be interpreted by Fig. 10. The
photogenerated electrons are transferred from the conduction
band of the semiconductor to the closely contacted graphene
and the mobility of these electrons on the graphene sheets is
very high, retarding the recombination of electrons and holes.
The MoS2 nanosheets attached on graphene can accept the
electrons and work as active sites for the activation and
reduction of H2O to H2.
Graphene has also been incorporated into several narrower
bandgap semiconductors (e.g., CdS) to improve their perfor-
mance for visible-light-driven H2 production. In these systems,
graphene sheets could also accept the photogenerated elec-
trons from the conduction band of semiconductors and the
excellent mobility of electrons on graphene sheets accelerate
the separation of electrons and holes. Li et al. prepared
CdS–graphene composites with different compositions by a
solvothermal method, in which GO and Cd(AC)2 were dispersed
in DMSO followed by heating the solution in autoclave at 180 1C
for 12 h.89 Characterizations showed that cubic CdS nanoparticles
with an average size of B3 nm were dispersed on graphene sheets
in the nanocomposites. Over the composite with an optimum
content of graphene (1 wt%) and in the presence of 0.5 wt% Pt
cocatalyst, the rate of H2 production from an aqueous solution
containing lactic acid as a sacrificial reagent reached 1.12 mmol h1,
which was about 5 times higher than that over the catalyst without
the incorporation of graphene under visible-light irradiation. The
apparent quantum efficiency over the CdS–graphene with a
graphene content of 1 wt% was 22.5% at wavelength of 420 nm.
A composite containing CdS and N-doped graphene (N-graphene)
was studied for the photocatalytic H2 production from aqueous
solution containing Na2S and Na2SO3 as sacrificial reagents
under visible-light (l Z 420 nm) illumination.90 At an optimum
content of N-graphene (2 wt%), the rate of H2 production over
the CdS–N-graphene was 210 mmol h1, which was about 5 times
higher than CdS (40 mmol h1). Another advantage of the
CdS–N-graphene nanocomposite for photocatalysis seems to be its
stability, which has been claimed to be more stable than Pt/CdS.90 It
is speculated that the N-graphene as a protective layer could prevent
CdS from photocorrosion under visble-light irradiation.
We compared the photocatalytic performances of the CdS–
graphene (CdS–GR) and CdS–CNT nanocomposites, which were
prepared by adding an aqueous solution of Na2S to a mixed aqueous
solution of Cd(AC)2 and GO, followed by hydrothermal treatment at
453 K for 40 h, for H2 evolution from an aqueous solution containing
Na2S and Na2SO3 under visible-light (l Z 420 nm) illumination.
91
Characterizations suggested that CdS crystallites composed of both
Fig. 10 Schematic illustration of synergistic effect in graphene-based ternary
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cubic and hexagonal phases with an average size of B35 nm were
dispersed on graphene sheets or CNT surfaces in the composites.
The photocatalytic performances of the two series of composites
depended on the mass ratio of GR/CdS or CNT/CdS. There existed
optimum ratios of GR/CdS or CNT/CdS for both systems. The
optimum ratios of GR/CdS and CNT/CdS for H2 production were
0.01/1 and 0.05/1, respectively. At the optimum mass ratios, the rate
of H2 production over the CdS–GR composite (70 mmol h
1) was
higher than that of the CdS–CNT composite (52 mmol h1), both of
which were higher than that over CdS alone (14.5 mmol h1). The
mechanical mixture of graphene and CdS with a mass ratio of 0.01/1
exhibited similar activity to CdS alone. Resembling the TiO2–GR
system described above, the CdS–GR composite possessed larger
contact interfaces than the CdS–CNT, exhibiting higher photo-
catalytic performances. The increase in the content of graphene or
CNT could increase the interfacial contact, but a too-high content of
graphene or CNT may shield the light absorption of the CdS.
The photocatalytic performance of a nanocomposite of CdS and
modified graphene (CdS–mGR), which was prepared by a one-pot
solution method using sulfonated graphene, was compared with a
Pt-loaded CdS for the production of H2 from an aqueous solution of
Na2S and Na2SO3 under visible-light (l4 380 nm) irradiation.
92 The
rate of H2 production over the CdS–mGR with an mGR loading of
2 wt% was found to be higher than that over the 2 wt% Pt/CdS.
The combination of graphene with graphitic carbon nitride
(g-C3N4), which is a metal-free visible-light-driven photocatalyst,
could significantly promote the photocatalytic activity for H2
evolution.93 The introduction of graphene into Pt-loaded g-C3N4
with a content of 1 wt% could increase the rate of H2 evolution
from an aqueous solution of methanol from 147 mmol h1 g1 to
451 mmol h1 g1 under visible-light (l 4 400 nm) irradiation.
The doping of Sr2Ta2O7 with nitrogen to form Sr2Ta2O7xNx
containing Ta–N bond shifted the absorption edge from B290
to B550 nm and lowered the bandgap energy form B4.2 to
B2.3 eV.94 The photocatalytic performances of the Sr2Ta2O7xNx
under visible-light irradiation could be significantly enhanced by
introduction of Pt-loaded graphene. The Sr2Ta2O7xNx–graphene –Pt
composite with a 5 wt% graphene demonstrated a H2 evolution rate
of 293 mmol h1 and an apparent quantum efficiency of 6.42%,
whereas the quantum efficiency over the Pt/Sr2Ta2O7xNx was
4.26%. Similar to the mechanism proposed for other ternary systems
(Fig. 10), graphene plays roles in accepting the photogenerated
electrons from Sr2Ta2O7xN and transferring the electrons to Pt
nanoparticles located on graphene sheets, which work for H2
evolution.
Only a few studies have exploited semiconductor–graphene
nanocomposites for photocatalytic CO2 reduction. Liang et al.
investigated two kinds of TiO2–graphene nanocomposites for
photocatalytic reduction of CO2.
95 One employed GO as the
precursor and the composite contained TiO2 nanoparticles and
reduced GO (RGO) sheets, which was used in most of the
photocatalytic studies, while the other utilized solvent-
exfoliated graphene (SEG), which was obtained by using ultrasonic
energy to directly exfoliate graphite in a solvent, N,N-dimethyl-
foramide (DMF). The P25–SEG with a SEG content of 0.27 wt%
was found to exhibit the highest CH4 formation rate during the
photocatalytic reduction of CO2 under UV-light (l = 365 nm)
illumination, which was B4.5 times higher than P25. Under
visible-light irradiation, the P25–SEG with 0.55 wt% SEG
showed a 7.2 times higher rate of CH4 formation than P25
alone although the absolute value was lower than that obtained
under UV-light irradiation. On the other hand, almost no
improvement in the photocatalytic activity was observed for
P25–RGO composites under UV illumination, while a maximum
enhancement of 2.3-fold was gained for P25–RGO nanocompo-
site under visible illumination. The main difference of SEG and
RGO seems to be defect densities; SEG possesses fewer defects
than RGO. Thus, the less defective SEG is beneficial to photo-
catalysis of nanocomposites. This is in agreement with the
strategy proposed by Xu and co-workers for the preparation of
an efficient graphene-based photocatalyst by decreasing the
defects of graphene and increasing the interfacial contact
between graphene and semiconductor.85
Ti0.91O2–graphene hollow spheres consisting of molecular-
scale alternating Ti0.91O2 nanosheets and graphene nanosheets
were prepared by assembly of Ti0.91O2 nanosheets and GO
nanosheets onto poly(methyl methacrylate) (PMMA) beads via
a layer-by-layer method.96 Microwave irradiation was employed
to reduce GO to graphene and remove the PMMA template
simultaneously. The hollow-sphere nanocomposite was
exploited to catalyze the reduction of CO2 with H2O under
UV-light irradiation. The rates of CO and CH4 formations
over the Ti0.91O2–graphene hollow spheres were 8.91 and
1.14 mmol g1 h1, respectively. Blank experiments in the
absence of CO2 showed no formation of CH4 or CO, proving
that the carbon source was derived from the input CO2. The
Ti0.91O2 hollow sphere without graphene exhibited a CH4
formation rate of 1.41 mmol g1 h1 without CO. Thus, the rate
of CO2 conversion to both CO and CH4 over the Ti0.91O2–graphene
was B5 times higher than that over the Ti0.91O2. This
demonstrates the significant positive role of graphene in
improving the photocatalytic activity of the Ti0.91O2 hollow
spheres. Similar to that reported by Yu and co-workers,85 the
contact between graphene sheets and semiconductor sheets with
a face-to-face orientation in the nanocomposite favours the
fast transfer of photogenerated electrons from Ti0.91O2 into
graphene, leading to the effective separation of the electron–hole
pairs. Concerning why CO was the major product over the
Ti0.91O2–graphene composites, it was proposed that the electrons
transferred to graphene diffused quickly on a larger area of
graphene, and this restrained the accumulation of the electrons
and decrease local electron density, which favoured the two-
electron reduction of CO2 to form CO, while the reduction of





In the general sensitization mechanism (Fig. 11), electrons
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semiconductor with a higher conduction-band edge could
migrate to a wider bandgap semiconductor with a lower
conduction-band edge, while the photogenerated holes stay in
the narrower bandgap semiconductor. This would facilitate
electron–hole separation and prevent charge recombination,
improving the photocatalytic activity.
In spite of the low activity and instability toward photo-
corrosion, CdS is a simple (and is probably the most extensively
studied) visible-light-driven photocatalyst. Many studies have
demonstrated that the combination of CdS with another wider
bandgap semiconductor is an effective strategy to improve the
photocatalytic activity and stability of CdS. CdS has been
exploited as an efficient visible-light photosensitizer for photo-
catalytic H2 production. For example, a CdS–TiO2 nanocompo-
site composed of CdS nanowires with a mean diameter of
B50 nm decorated with TiO2 nanoparticles with a mean size
of B10 nm showed a significantly higher H2 formation rate
than CdS nanowires alone under visible-light irradiation from
water containing sulphite and sulphide scavengers.97 The pre-
paration of Cd0.5Zn0.5S particles with a mean size of B90 nm
tightly surrounded by TiO2 nanotubes also led to intimate
multipoint contact between the two semiconductors, promoting
the rate of H2 evolution.
98 Park et al. studied ternary CdS–
TiO2–Pt composites prepared by different methods for photo-
catalytic H2 production under visible-light irradiation (l 4
420 nm).99 They clarified that, to obtain a higher rate of H2
production, direct particle-to-particle contact of CdS and TiO2
was required to transfer efficiently the electrons generated on
CdS to the conduction band of TiO2. Furthermore, they found
that the location of Pt on the CdS–TiO2 composite played a
crucial role in determining the overall H2 production activity.
The catalyst prepared by deposition of Pt onto the CdS–TiO2
composite by photoreduction [Pt/(CdS–TiO2)] was much less
efficient for H2 production than that by photodeposition of Pt
nanoparticles onto TiO2, followed by the deposition of CdS
onto the Pt/TiO2 [CdS–(Pt/TiO2)]. The [CdS–(Pt/TiO2)] nanocom-
posite showed H2 formation rates of 6–9 mmol h
1 g1, which
was 3–30 times higher than the [Pt/(CdS–TiO2)]. Therefore,
besides the intimate contact between CdS and TiO2, the Pt
nanoparticles should be located on TiO2 particle surfaces to
achieve the vectorial electron transfer of CdS - TiO2 - Pt to
obtain higher charge transfer efficiency. Similarly, the loading of
Ni/NiO cocatalysts onto KNbO3 in contact with quantum sized
CdS nanoparticles could significantly increase the rate of H2
evolution under visible-light irradiation via electron transfer of
CdS - KNbO3 - Ni/NiO.
100
CdS have also been incorporated into the inner space of
layered,101 porous,102 and tubular103 semiconductor hosts to
prepare highly efficient semiconductor–semiconductor compo-
site photocatalysts for H2 evolution. For example, Hwang and
co-workers prepared nanocomposites composed of small CdS
nanoparticles (2.5 nm) incorporated in the porous assembly
of sub-nanometer-thick layered titanate nanosheets and
studied their photocatalytic behaviours for H2 evolution from
an aqueous solution containing Na2S and Na2SO3 under
visible-light irradiation (l 4 420 nm).101 The nanocomposite
showed much higher photocatalytic activity for H2 production
(B1.0 mmol g1 h1) than CdS alone and other Pt-free CdS–TiO2
systems. The strong electronic coupling between the 2D layered
titanate nanosheets and CdS nanoparticles led to the creation of
a high visible-light-harvesting ability, a remarkable depression of
electron–hole pair recombination, and an improvement of the
CdS photostability. Furthermore, the incorporation of CdS nano-
particles (3–5 nm) inside the TiO2 nanotubes (TNTs) could not
only promote the photocatalytic activity for H2 evolution under
visible-light irradiation but also enhance the stability of CdS
toward photocorrosion.103 As compared with the composite
containing CdS located outside the TNTs, which underwent a
rapid deactivation after 4 h of reaction, the photocatalyst with
CdS inside the TNTs kept stable for a 13 h of reaction.
The above strategies suitable for preparing efficient CdS-
based photocatalysts have also been used for other visible-light-
driven semiconductors. In2S3 with a bandgap energy of 2–2.3 eV
may be a promising visible-light-driven semiconductor to
replace the toxic CdS, but its efficiency is quite low. To improve
the photocatalytic performance of In2S3 for H2 production
under visible-light irradiation, Peng and co-workers synthe-
sized a In2S3–(Pt/TiO2) composite photocatalyst containing
Pt/TiO2 nanoparticles embedded in the interstices of the floriated
In2S3.
104 The intimate contacts between In2S3 and Pt/TiO2
enhance the charge separation and the photocatalytic activity.
The In2S3–(Pt/TiO2) photocatalyst showed a H2 formation rate
of 135 mmol h1, whereas the single In2S3 or Pt/TiO2 had no
obvious H2 production under visible-light irradiation. The
location of Pt also played a key role, and the (Pt/In2S3)–TiO2
with Pt located on In2S3 exhibited a markedly lower rate of H2
formation (B10 mmol h1), similar to the Pt/In2S3 without TiO2.
The incorporation of Fe2O3 into the interlayers of the HLaNb2O7
semiconductor could enhance the rate of H2 evolution from
methanol under both UV and visible-light illumination.105
Unlike the CdS–TiO2 or other semiconductor–semiconductor
composites described above, in the composite of In2O3 and
NaNbO3, which possess bandgap energies of 2.8 and 3.5 eV,
respectively, the conduction-band edge of In2O3 is lower than
that of NaNbO3, while the valance-band edge of NaNbO3 is
higher than that of In2O3.
106 Thus, under visible-light irradia-
tion, the electrons in the valance band of In2O3 were excited to
Fig. 11 Schematic illustration of charge transfer in semiconductor–semiconductor
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its conduction band, leaving holes in the valance band. The
holes in the valance band of In2O3 can transport to that of
NaNbO3 through the interface between In2O3 and NaNbO3,
while the electrons leave on the conduction band of In2O3,
thus facilitating the charge separation and enhancing the
photocatalytic activity. Under visible-light irradiation (l 4
420 nm), In2O3 showed a low activity for H2 evolution from
CH3OH solution (1.7 mmol g
1 h1), while almost no H2 was
formed over NaNbO3. The combination of In2O3 and NaNbO3
with an In molar percentage of 25% improved the rate of H2
formation to 16.4 mmol g1 h1, Bone order of magnitude
higher than In2O3 alone.
106
Several nanocomposite photocatalysts based on the sensiti-
zation mechanism have been exploited for photocatalytic con-
version of CO2 with H2O. The composite of AgBr, which is
typically used as a photosensitizer, and TiO2 (P25) was prepared
by a deposition-precipitation method and employed for photo-
catalytic reduction of CO2 under visible-light (l 4 420 nm)
illumination.107 The AgBr–TiO2 catalyst with a AgBr content of
23.2 wt% exhibited the highest activity, providing a methane
yield of 128.56, methanol yield of 77.87, ethanol yield of
13.28 and CO yield of 32.14 mmol g1, respectively, after 5 h
of irradiation. The composites with either lower or higher AgBr
contents showed lower photocatalytic activities. Moreover, the
AgBr–TiO2 was stable during repeated use. The higher activity
and stability of the AgBr–TiO2 composite probably arose from
the quick transfer of photogenerated electrons from the conduc-
tion band of AgBr to TiO2.
PbS nanoparticles with mean diameters of 3, 4 and 5 nm
were used to sensitize TiO2 (P25) doped with Cu cocatalysts for
photoreduction of CO2.
108 Although the conduction-band edge
of bulk PbS is slightly lower than that of TiO2, the quantum
confinement shifts the conduction-band edge of smaller PbS
nanoparticles to higher energies, enabling the injection of
photogenerated electrons into TiO2. The PbS–(Cu/TiO2) cata-
lysts with three different mean diameters of PbS nanoparticles
were at least 3 times more active than the Cu/TiO2 for photo-
catalytic reduction of CO2 with H2O under white-light irradia-
tion. The composite with 4 nm PbS quantum dots exhibited the
highest CO2 conversion rate of 1.71 mmol g
1 h1, providing CO,
CH4 and C2H6 with rates of 0.82, 0.58 and 0.31 mmol g
1 h1,
respectively. The rate of CO2 conversion over this composite
was more than 5 times higher than that over the Cu/TiO2
(0.32 mmol g1 h1). Furthermore, under visible-light irradiation,
the rates of CO2 conversion over the composites with 3, 4 and 5 nm
PbS nanoparticles were 0.45, 1.12, and 0.60 mmol g1 h1,
respectively, significantly higher than that for the Cu/TiO2. It is
of interest that the photocatalytic activity exhibits a clear depen-
dence on the size of the PbS sensitizer. The composite contain-
ing a medium size of PbS nanoparticles (4 nm) showed the
highest CO2 conversion rate, possibly because of the optimum
light absorption and charge separation properties. Smaller PbS
nanoparticles have a faster electron injection rate, facilitating
charge separation, while larger PbS particles extend the visible
absorption range owing to the narrow bandgap. Wang et al.
prepared CdSe–(Pt/TiO2) photocatalysts using a mixture of
2.5 and 6 nm CdSe nanoparticles for photocatalytic reduction of
CO2 under visible-light illumination.
109 They observed the formation
of CH4 and CH3OH with rates of 48 and 3.3 ppm g
1 h1,
respectively, together with trace amounts of H2 and CO.
4.2 p–n heterojunctions
In the composite with p–n heterojunctions, like diode struc-
tures made of n- and p-type semiconductors (Fig. 12), both
semiconductors are excited to generate electron–hole pairs. The
photogenerated electrons from the semiconductor with a
higher conduction band could transport to the one with a
lower conduction band. Meanwhile, the photogenerated holes
from the semiconductor with a lower valance band transport to
the one with a higher valance band. This may also lead to
the separation of electrons and holes and enhance the photo-
catalytic efficiency.
Some ferrites with spinel structure, which possess narrow
bandgap energies (B2 eV) and are resistant to photocorrosion
in aqueous solutions, may be promising as visible-light-driven
photocatalysts. However, the performances of these compounds
as single-phase photocatalysts are low. Lee and co-workers
prepared a nanocomposite containing p-type CaFe2O4 with a
bandgap energy of 1.9 eV and n-type PbBi2Nb1.9W0.1O9 with a
bandgap energy of 2.75 eV.110 The conduction-band edge of
CaFe2O4 is higher than that of PbBi2Nb1.9W0.1O9. The nano-
composite was composed of crystalline CaFe2O4 nanoparticles
with sizes of 5–10 nm (nano-islands) dispersed on layered
PbBi2Nb1.9W0.1O9 substrate. Under visible-light irradiation
(l Z 420 nm), photogenerated electrons in the conduction
band of CaFe2O4 could migrate to that of PbBi2Nb1.9W0.1O9,
while photogenerated holes in the valance band of
PbBi2Nb1.9W0.1O9 migrate to that of CaFe2O4. This formed the
p–n junctions between the two semiconductors and signifi-
cantly promoted the photocatalytic activity. Recently, the same
group successfully prepared a nanocomposite of two ferrites,
i.e., p-type CaFe2O4 and n-type MgFe2O4, which possessed
bandgap energies of 1.9 and 2.0 eV, respectively, by a simple
polymer complex method.111 The conduction band of CaFe2O4
is slightly higher than that of MgFe2O4, and the photogenerated
electrons can move from CaFe2O4 to MgFe2O4, while the
photogenerated holes move from MgFe2O4 to CaFe2O4. It is
Fig. 12 Schematic illustration of charge transfer in semiconductor–semiconductor
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demonstrated that MgFe2O4 and CaFe2O4 forms interpenetrating
networks on a nanometre scale, constituting a bulk heterojunc-
tion structure in the composite prepared by the polymer complex
method. The (RuO2/MgFe2O4)–(Pt/CaFe2O4) nanocomposite
containing interfacing MgFe2O4 and CaFe2O4 nanoparticles
with a size of B25 nm doped with 2–5 nm RuO2 and Pt
nanoclusters showed a very high photocatalytic activity for H2
production from methanol aqueous solution under visible-light
(l Z 420 nm) irradiation. The rate of H2 evolution reached
82.8 mol h1 g1 over the nanocomposite, which was 59 and
18 times higher than those over the RuO2/MgFe2O4 and Pt/CaFe2O4,
respectively. Furthermore, the composite prepared by the con-
ventional solid-state reaction method was almost inactive.
These results clearly demonstrate the importance of bulk hetero-
junctions between two semiconductors to facilitate the photo-
catalytic activity. In a bulk heterojunction where p- and n-type
semiconductors are dispersed interfacing each other, the prob-
ability that the exciton will reach the interface and dissociate
may be higher, especially when the domain size of the semi-
conductor particles is similar to the exciton diffusion length.
Ye and co-workers prepared a (Cr-Ba2In2O3)–(Cr-In2O3) composite
by the conventional solid-state reaction method and investi-
gated its photocatalytic behaviours in the splitting of H2O.
112
Heterojunctions were observed between the two semiconduc-
tors. The conduction-band edge of the Cr-Ba2In2O3 was higher
than that of the Cr-In2O3, and thus photogenerated electrons
were transferred from Cr-Ba2In2O3 to Cr-In2O3 and the photo-
generated holes migrated from Cr-In2O3 to Cr-Ba2In2O3. After
loading NiO (1 wt%) as a cocatalyst, the (Cr-Ba2In2O3)–(Cr-In2O3)
could catalyze the splitting of pure H2O to H2 and O2 under
UV-light illumination. The rates of H2 and O2 evolution over the
composite were 29.3 and 15.2 mmol h1, respectively, and the
apparent quantum yield was B4.2% at l = 320 nm. The turnover
number exceeded 7 after 350 h of reaction. On the other hand,
the individual semiconductor in the presence of NiO could not
catalyze the splitting of H2O to H2 and O2 stoichiometrically.
This confirms the significant role of the heterojunctions between
two semiconductors.
A core–shell structured CdS@TaON nanocomposite containing
Pt as a cocatalyst was synthesized via a hydrothermal assisted
ion-exchange route.113 The bandgap energies of CdS and TaON
are 2.45 and 2.5 eV, respectively, and the photogenerated
electrons may transport from CdS to TaON while the holes
transport from TaON to CdS because of the higher position of
conduction band of CdS. When used as photocatalyst for H2
evolution from an aqueous solution of Na2S and Na2SO3 under
visible-light illumination, the CdS@TaON composite with
1 wt% CdS provided a H2 production rate of 306 mmol h
1,
whereas the TaON and CdS alone only exhibited very low H2
production rates of 9 and 13.5 mmol h1, respectively. The rate
of H2 production was further raised to 633 mmol h
1 with a
quantum efficiency of 31% at 420 nm when the CdS@TaON was
coupled with 1 wt% graphene.113
Ye and co-workers developed a facile furfural alcohol-derived
polymerization–oxidation route for the synthesis of TiO2-based
nanocomposites (such as TiO2–ZnO, TiO2–Fe2O3 and TiO2–CuO)
with high specific surface area, large pore volume, and nano-
junction modified pore walls.114 These nanocomposites pos-
sessed ‘‘French-fries’’-like morphology and had a nanoporous
structure. For example, the TiO2–ZnO possessed a pore dia-
meter of 4.6 nm with a surface area of 225 m2 g1. The pore wall
was composed of nanocrystals of 7–11 nm in size with a
heterojunction structure. TiO2 and ZnO have a similar band
gap energy of 3.2 eV, and the conduction band position of ZnO
(0.31 V) was higher than that of TiO2 (0.29 V). Thus,
photogenerated electrons would migrate from ZnO to TiO2,
while the holes migrate from TiO2 to ZnO, forming p–n
heterojunctions. This ‘‘French-fries’’-like TiO2–ZnO nano-
composite was exploited for photocatalytic reduction of CO2
with H2O in a gas–solid system under UV-light illumination.
The rate of CH4 formation over the TiO2–ZnO photocatalyst was
55 mmol g1 h1, which was about 6 times higher than that over
P25 alone and about 50 times higher than that over a TiO2–ZnO
prepared by the solid-state reaction method. This clearly demon-
strates the significant role of heterojunctions in enhancing
photocatalytic activity by accelerating the charge separation.
Recently, a CuO–TiO2xNx composite with hollow nanocube
structure was synthesized by annealing TiO2@Cu3N nanocubes
in air at 450 1C for 1 h.115 This nanocomposite possessed
heterojunction interfaces through the material. The CuO–TiO2xNx
showed a CH4 formation rate of 41.3 ppm g
1 h1 for the
photocatalytic reduction of CO2 under simulated solar irradia-
tion. This CH4 formation rate was B2.5 times and B1.6 times
higher than those over P25 and CuO@TiO2 under the same
conditions. This indicates that the incorporation of nitrogen
into TiO2 is also a key factor. The incorporation of nitrogen
could decrease the bandgap energy of TiO2, making the band
edges of the two semiconductors compatible for the transfer of
photogenerated electrons and holes. The suitable band-edge
alignments would enhance the separation of photogenerated
charge carriers, enhancing the direct photocatalytic conversion
of CO2.
4.3 Z-Scheme
For a single semiconductor catalyst, the edges of conduction
and valance bands should be compatible with the redox poten-
tials of related reactions. For example, for the splitting of H2O
to H2 and O2, the conduction-band edge should be higher
(more negative) than the redox potential of H2/H2O, while
the valance-band edge should be lower than that of O2/H2O.
However, some semiconductors do not satisfy this requirement
and can only function as H2 evolution or O2 evolution catalysts.
In this case, Z-scheme combination of the two semiconductors
can be applied. In the case of the Z-scheme (Fig. 13), the
photogenerated electrons in the semiconductor with higher
conduction band are used for the reductive reactions, while the
holes in the semiconductor with a lower valance band are used
for the oxidative reactions. Meanwhile, the photogenerated
electrons from the semiconductor with a lower conduction
band would recombine with photogenerated holes from the
semiconductor with a higher valance band. The obvious advan-
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strongly reductive electrons of one semiconductor and the
strongly oxidative holes of the other. Photocatalytic systems
with two separate semiconductors based on an indirect
Z-scheme mechanism using reversible redox mediators such
as IO3
/I have been successfully designed for the overall water
splitting into H2 and O2 in recent years.
10,116,117 The design and
preparation of semiconductor–semiconductor composites is
another effective strategy to utilize the Z-scheme mechanism.
Tada et al. reported an anisotropic CdS–Au–TiO2 nanojunc-
tion, in which Au nanoparticles with a mean size of 3.4 nm were
firmly deposited on the antase TiO2, while CdS was coated on
Au nanoparticles via the great affinity of Au atoms to sulphur,
forming Au@CdS/TiO2.
118 Under UV irradiation, the photogen-
erated electrons migrated from TiO2 to Au and to CdS. The
photogenerated electrons in the conduction band of CdS would
function for the reductive reaction, while the photogenerated
holes in the valance band of TiO2 would work for the oxidation
reaction. The selective deposition of Pt onto CdS further
accelerated the H2 evolution. The transfer of electrons from
CdS to TiO2 has been confirmed to be a minor path. This is
quite different from the situation in which CdS is employed as a
sensitizer of TiO2. This Z-scheme mechanism also restricts the
photocorrosion of CdS due to the oxidation of surface S2 by
the photogenerated holes in the valance band of CdS, because
these holes have been recombined with electrons from TiO2 via
Au. Kim et al. prepared a nanocomposite catalyst with a similar
structure, i.e., W@WO3/PbBi2Nb1.9Ti0.1O9 by deposition of W
clusters onto PbBi2Nb1.9Ti0.1O9 perovskite followed by partly
oxidizing W to WO3 on the top layers.
119 Under visible-light
(l Z 420 nm) irradiation, the photogenerated electrons in the
conduction band of WO3 could not reduce H2O to H2 because
of the lower position of the conduction band of WO3. Instead,
these electrons would migrate to W and recombine with the
photogenerated holes from PbBi2Nb1.9Ti0.1O9. At the same
time, the photogenerated electrons in the conduction band of
PbBi2Nb1.9Ti0.1O9 could work for the reduction of H2O to H2
and the holes in the valance band of WO3 functioned for the
oxidation of H2O to O2. The main point here is the creation of a
W layer to separate two semiconductors, yielding an Ohmic
contact in between. Without this Ohmic layer, the simple p–n
junction structure is less effective in this case. A recent study
claimed that the ZnO–CdS composite could also follow the
Z-scheme mechanism, resulting in high H2 production rates.
120
The highest H2 production rate was 1.805 mmol g
1 h1 over
the (ZnO)1–(CdS)0.2 catalyst, which was 14 and 40 times higher
than that of the CdS and ZnO photocatalysts.
A recent study applied a CuO–TiO2 composite to photo-
catalytic reduction of CO2 in the presence of methanol as a
sacrificial reagent under UV-light illunination.121 It was claimed
that the photocatalytic reduction of CO2 formed methyl formate
and the reaction proceeded via a Z-scheme. It was proposed that
the photogenerated electrons in the conduction band of CuO
were used for the reduction of CO2, and the photogenerated
holes in the valance band of TiO2 were consumed by the
sacrificial reagent, methanol. The interfaces between CuO and
TiO2 favoured the combination of holes from CuO and electrons
from TiO2, playing an important role in enhancing the photo-
catalytic activity. The rate of methyl formate formation was
B1600 mmol g1 h1 over the 1.0 wt% CuO–TiO2. It is note-
worthy that methyl formate was also formed in the absence of
CO2 with a rate of 638 mmol g
1 h1.
5. Conclusions and perspectives
The present article has reviewed recent advances in developing
efficient semiconductor-based nanocomposite photocatalysts
for the production of H2 from aqueous solution and the
conversion of CO2 with H2O. Many studies have demonstrated
that the exploitation of nanocomposites to replace single-
component semiconductors as photocatalysts can significantly
improve the rate of H2 evolution or CO2 conversion. The
enhanced separation/migration of photogenerated electrons
and holes, decreased charge recombination probability and the
spatially separated reduction and oxidation processes may contri-
bute to promoting the photocatalytic activity. Furthermore, suitably
aligned energy band edges of different components in the nano-
composites may allow the efficient utilization of visible light.
Nanocomposites of semiconductor–cocatalyst, semiconductor–
carbon material (CNT and graphene) and semiconductor–
semiconductor have mainly been described and analyzed to
reveal the key issues determining the photocatalytic behaviours
of nanocomposite catalysts for the two challenging reactions.
First, it has been demonstrated that the presence of suitable
cocatalysts is one of the most important issues in improving the
photocatalytic activity of semiconductors. Noble or coinage
metals are well-known efficient cocatalysts for the reduction
reaction, e.g., the evolution of H2 and the reduction of CO2 to
CO, CH4 or other organic compounds, but the mechanisms of
their functions are still ambiguous, particularly for the photo-
reduction of CO2, which involve multi-electron reductions. The
bimetallic and particle-size effects of cocatalysts have also
shown interesting possibilities in further improving the photo-
catalytic performance. The concept of exploiting core–shell
structured cocatalysts with a metal core and a metal oxide
shell such as Ni@NiO and Rh@Cr2O3 has accelerated the
development of promising photocatalysts for H2 evolution.
Fig. 13 Schematic illustration of charge transfer in a semiconductor–semiconductor
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Metal sulphides can also be efficient cocatalysts, which have
shown enhancing effects comparable with noble metals in
several systems.
Second, the combination of semiconductors with carbon
nanotubes or graphene sheets can significantly enhance
their photocatalytic activity. Owing to the high mobilities of
charge carriers in these carbon materials, the photogenerated
electrons may transport to these carbon materials and enhance
the charge separation. The interfacial contact between semi-
conductor particles and graphene sheets is a key issue for the
semiconductor–carbon nanocomposite catalysts. The well-
defined 1D and 2D structures of these carbon materials have
also allowed the design of promising nanocomposites with
controlled morphologies or nanostructures. For example, the
preparation of semiconductor nanosheets closely located on
graphene sheets with a face-to-face orientation affords a highly
active photocatalyst for H2 evolution. The loading of a metal
cocatalyst onto graphene sheets at a distance from the semi-
conductor particles represents an interesting synergistic system
possessing high photocatalytic activity.
Third, the modulation of the electronic structure or energy
bands of single semiconductor is clearly restricted. The cou-
pling of different semiconductors in one nanocomposite has
greatly increased the possibilities. This can not only increase
the absorption of solar energy by extending the light absorption
range (sensitization mechanism) but also can utilize the semi-
conductors which do not possess suitable conduction- and/or
valance-band edge positions for the required reduction and
oxidation reactions (Z-scheme). The heterojunctions between
semiconductors can also accelerate the separation of photo-
generated electrons and holes.
In short, many efficient photocatalytic systems have been
developed, mainly owing to the rapid development of materials
science and nanotechnology. Our knowledge of semiconductor-
based photocatalysis has also increased enormously in recent
years. However, it should be noted that the current state-of-the-
art for either H2 photocatalytic production or CO2 photo-
catalytic conversion is still far from being commercially viable.
Fundamental studies are required to reveal a number of issues
that are hampering the rational design of more efficient photo-
catalysts. For example, little knowledge about efficient cocata-
lysts for O2 evolution has been accumulated. The insight into
the activation and subsequent conversion of CO2 during its
photocatalytic reduction is highly deficient. We believe that the
deepening of the knowledge of mechanistic aspects through
more fundamental physical chemistry research can lead to
substantial breakthroughs.
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